R
ecent data indicate that stem cells exist in many tissues, including skeletal muscle, liver, and the central nervous system, some of them not known classically as having stem cells. The unexpected plasticity and the tremendous disease implications of these findings have created a lot of excitement (1, 2). However, a major obstacle in these areas has been a lack of molecular markers and of the precise in vivo localization of the putative stem cells. Because epidermis is an excellent example of a selfrenewing tissue containing stem cells, it is of interest to examine the current status of this field. Like stem cells of other tissues, epidermal stem cells are important because they not only play a central role in homeostasis and wound repair, but also represent a major target of tumor initiation and gene therapy.
Perhaps the most universally accepted criteria for keratinocyte stem cells are that they are normally slow-cycling (or, perhaps more accurately, rarely cycling) in vivo; that they can self-renew and are responsible for the long-term maintenance of the tissue; that they can be activated by wounding or by in vitro culture conditions to proliferate and to regenerate the tissue; and that they have a high proliferative potential (3) (4) (5) (6) . The slow-cycling attribute is particularly important biologically because it conserves the cell's proliferative potential and minimizes DNA replication-related errors. The rare divisions of stem cells give rise to, on average, one stem cell and one transit amplifying (TA) cell, which has a limited proliferative potential. On the exhaustion of their proliferative potential, the rapidly proliferating TA cells undergo terminal differentiation.
The slow-cycling stem cells can be identified experimentally as the ''label-retaining cells'' (LRCs) (7) . This is done by long-term labeling of all of the cells with a DNA precursor such as [ 3 H]thymidine or bromodeoxyuridine (BrdUrd), followed by a chase period that results in the dilution of the label from all of the rapidly cycling TA cells, but not from the slow-cycling stem cells (7, 8) . Using this approach, two groups recently discovered that the label-retaining, presumptive keratinocyte stem cells of hairy mouse skin are located predominantly in the upper hair follicle in an area called the ''bulge'' (Fig. 1) , with very few in the surface epidermis (9, 10) . This unexpected finding raised the possibility that the ultimate epidermal stem cells may actually reside outside of the epidermis in an epidermal appendage, tucked away deeply into the skin in an area well protected from environmental damage. A paper in a recent issue of PNAS has shown that these slow-cycling bulge cells can be isolated in a viable form by cell sorting (11 (11) . By providing the first evidence linking specific cell surface markers with both in vitro growth potential and a well-accepted in vivo cell kinetic criterion for keratinocyte stem cells, this work represents an important advance in isolating epidermal stem cells. The data also demand a reexamination of the meaning of these follicular label-retaining cells: are these cells the ultimate stem cells of the epidermis?
Properties of Keratinocyte Stem Cells:
The Eye Shows the Way A tissue that has yielded a tremendous wealth of information about keratinocyte stem cells is the corneal epithelium. The stem cells of corneal epithelium are located in peripheral cornea in a rim called the limbus (12, 13) . Thus, in this system, the limbal stem cells can be millimeters away from their central corneal progeny TA cells. As shown in Table 1 , limbal (basal) epithelial stem cells are slow-cycling; have a high in vitro proliferative potential; lack the corneal epithelial differentiation-associated keratin K3; are in association with a loose and well-vascularized stroma; are sequestered in the highly undulating Palisades of Vogt (human); are protected from solar damage by melanocytes; undergo centripetal migration; and represent the predominant site of corneal tumor formation. In sharp contrast, the (progeny) corneal epithelium is devoid of label-retaining cells; has a low in vitro proliferative capacity; expresses the K3 keratin even in its basal cells; overlies an avascular and highly organized corneal stroma; is highly susceptible to mechanical debridement by virtue of its smooth epithelial͞ stromal interface; lacks pigment protection; and almost never gives rise to tumors (reviewed in refs. 14-16). Moreover, limbal cells are essential for the long-term maintenance of the central corneal epithelium and can be used to reconstitute the entire corneal epithelium in patients with limbal stem cell deficiencies (reviewed in refs. 17 and 18) . Collectively, these data leave no doubt that corneal epithelial stem cells reside in the limbus and provide a set of well-defined keratinocyte stem cell properties that can aid in the identification of stem cells in other stratified epithelia (Table 1) .
Site of Epidermal Stem Cells: An Unsettled Issue
It is surprising that, when these criteria are applied to the epidermis, one cannot find cells that fit many of these criteria (Table 1) . Like the palm͞sole epithelial stem cells located at the bottom of the deep rete ridges (4), keratinocytes at the bottom of the (interfollicular) epidermal rete ridges enjoy good physical protection and pigmentation, are ultrastructurally more primitive (the socalled ''nonserrated cells''), and are immediately adjacent to some rapidly proliferative TA cells ( Fig. 1; refs. 1, 4, 19, and 20) ; however, these cells express less integrin ␤ 1 , a putative epidermal stem cell marker (6, 21) (see below). The basal cells located at the shallowest portion of the epidermis express more integrin ␤ 1 (21), but they tend to be ultrastructurally more specialized (the ''serrated cells''), and they enjoy less physiSee companion article on page 10960 in issue 20 of volume 97.
cal and pigment protection (4, 19) . Finally, the central basal cells under the so-called ''epidermal proliferative unit'' are known to be slow-cycling (22) , and similar units have been shown to occur in reconstituted epidermis consisting of retrovirally tagged epidermal cells (23, 24) . However, these columns are seen mainly in thin rodent epidermis, and the fact that these putative stem cells exist as isolated, single cells defies the general rule that stem cells are usually clustered in association with a specialized ''niche.'' The precise location of stem cells within the epidermal compartment is therefore unsettled.
Markers for Epidermal Stem Cells: The Search Continues
One of the major controversies in the field has to do with the stem cell markers. The uncertainties may have stemmed from variables such as human vs. mouse keratinocytes, body sites, hairy vs. non-hairy skin, different cell isolation techniques, and in vivo vs. cultured keratinocytes. Some integrins have been suggested as markers for epidermal stem cells. The ␣ 6 ␤ 4 integrin is associated with the basal surface, whereas the ␣ 2 ␤ 1 and ␣ 3 ␤ 1 integrins are associated with the lateral (mainly) and basal (minor) surfaces of epidermal basal cells (25) . Recent knockout studies indicate that these major epidermal integrins play important roles in basement membrane formation (26) (27) (28) . Watt and coworkers found that integrin ␤ 1 -enriched (but not ␣ 6 -enriched) human epidermal basal cells, from both keratinocyte culture and in vivo foreskin, adhere more rapidly to some extracellular matrix (ECM) proteins, and have a higher colony-forming efficiency than unfractionated cells (6, 21, 29) . It was therefore suggested that ␤ 1 is a marker for epidermal stem cells, and that in vivo stem cells are located in the ␤ 1 -bright, thinnest portion of the interfollicular epidermis (21) . This stem cell location is surprising because, as mentioned earlier, basal cells in the thinnest portion of the epidermis are ultrastructurally more specialized, and are more vulnerable to environmental insults than basal cells located at the bottom of the deep rete ridges. In another series of studies, Kaur and coworkers suggested that ␣ 6 integrin is a better marker than ␤ 1 for sorting the keratinocyte basal cells of in vivo mouse (hairy) skin; that the rapidly adhering keratinocyte stem cell fraction, which are ␤ 1 -or ␣ 6 -positive, is far from being pure; and that the use of additional markers, e.g., the lack of a transferrin receptor (TR), is needed to further segregate stem from TA cells (11, 30, 31) .
One of the variables that is particularly confounding relates to the biological state of keratinocyte stem cells in culture. Although in vitro clonogenicity and cumulative proliferative potential provide useful assays for stem cells (16, 32) , these cultured cells have been released from the control mechanisms of the in vivo stem cell niche designed to keep them in a slow-cycling state. Thus, 100% of the keratinocyte stem cells become ''activated'' in culture, as evidenced by increased cell size, proliferation, and migration (14, 33)-features perhaps associated with TA cells and with in vivo wound repair (34) . This in vitro expansion of keratinocytes in standard tissue culture conditions is frequently accompanied by a corresponding A schematic diagram of an epidermopilosebaceous unit in hair-bearing skin. The unit consists of the epidermis and the hair follicle with its associated sebaceous gland. The bulge contains a population of putative keratinocyte stem cells that can give rise to (pathway 1) a population of pluripotent and rapidly dividing progenitor (transit amplifying) cells in the matrix that yields the hair shaft. Alternatively, the bulge stem cells can give rise to the stem͞progenitor cells of the epidermis (pathway 2). It is hypothesized here that the epidermal stem cell represents a form of bulge-derived, young transit amplifying cell (SC͞TA 1,2. . . ?). The long, curved arrow denotes the demonstrated capability of adult epidermal cells to form a new hair follicle in response to appropriate mesenchymal stimuli (46, 47) . B, bulge; E, epidermis; FP, follicular or dermal papilla; M, matrix keratinocytes; ORS, outer root sheath; S, hair shaft; SC, stem cells; SG, sebaceous gland; TA, transit amplifying cells. The number of plus (ϩ) signs reflects the strength of the available data. Negative (Ϫ) sign indicates contradictory or inconsistent data. Question (?) mark indicates no available data. N͞A, not applicable; L͞V, loose and vascularized; T͞N, tight and nonvascularized.
exhaustion of the cellular proliferative potential (35) . This decline in growth potential can be slowed by appropriate tissue culture conditions (35) and apparently can be arrested by returning the cells to a natural or reconstituted in vivo niche, thus achieving long-term coverage of wounds (36, 37)-suggesting strongly a return of the TA cells to an in vivo stem cell state (albeit possibly with a somewhat reduced growth potential). Therefore, keratinocyte stem cells, as we define them in vivo in terms of their slowcycling feature, completely disappear in most of the (mitogenic) tissue culture environments, with marked changes in their integrin and other markers (34, 38) . Hence markers for the in vivo epidermal stem cells may not be identical to those for keratinocytes in large in vitro colonies. This may account for some of the inconsistencies in the field; additional work is needed to clarify this important issue.
Location of Epidermal Stem Cells: A Need to Look Deeper
It is intriguing that the putative skin keratinocyte stem cells, defined as the slowcycling (label-retaining) cells (9, 10, 39) and independently as the ␣ 6 bri CD71 dim cells (11) , are found predominantly in the bulge region of the follicle. Unlike the epidermis, the follicular bulge zone contains a cluster of cells that satisfy almost all of the existing criteria for keratinocyte stem cells (Table 1) . The bulge is a part of the outer root sheath that is contiguous with the epidermis. It is the attachment site of the arrector pili muscle and marks the lowest end of the upper (permanent) portion of the follicle (Fig. 1) . The bulge cells are slow-cycling; have a higher proliferative capacity than the epidermis; have a primitive ultrastructure; are in contact with specialized smooth muscle; enjoy excellent physical protection; and are thought to be a major target of chemical carcinogens and papilloma virus (9, 33, (40) (41) (42) (43) . Moreover, a recent study showed that the progeny of bulge cells can emigrate into the normal newborn mouse epidermis, and into adult mouse epidermis in response to wounding (39) . These data suggest that the bulge represents a major repository of skin keratinocyte stem cells that may be bipotent because they can give rise not only to the hair follicle (pathway 1 in Fig. 1 ), but also to the epidermis (pathway 2). Thus, some of the confusion about the in vivo location of epidermal stem cells can be resolved if one hypothesizes that (i) the follicular bulge is the repository of the ultimate stem cells of the interfollicular epidermis (39) , and that (ii) the bulge stem cells give rise to TA cells with a continuum of decreasing proliferative potential (44) . Young TA cells that have arrived in the epidermis can still have an impressive proliferative potential and may be considered progenitor cells (Fig. 1 ). This hypothesis is applicable only to hair-bearing skin, not to non-hairy skin, such as the foreskin or palm͞sole epithelium, which seems to have its own stem cell-in-residence in its basal layer (4).
Concluding Remarks
In addition to the need for more data to further define the relationship between the epidermis and hair follicle, many important issues need to be addressed. More cell surface markers are clearly needed for the further enrichment and molecular characterization of keratinocyte stem cells. It is known that, during wound repair, keratinocyte stem cells can be stimulated to divide and TA cells can increase the number of rounds of DNA replication that they exhibit (15) . Do these two cell populations respond to distinct or overlapping growth stimuli? Do keratinocyte stem cells of epidermis͞ hair follicle, corneal epithelium, and other stratified epithelia share certain molecular markers? What are the cellular and molecular bases for the stem cell niche? What is the plasticity of keratinocyte stem cells (Fig.  1) , and what is the molecular mechanism of the instructive mesenchymal signals that seem to be able to change the fate of some keratinocytes (45-47)? We hope that future studies along these lines can lead to a better understanding of the nature and growth regulation of epidermal keratinocyte stem cells, the interrelationship between the epidermis and hair follicle, the possible reversibility of epidermal stem cell and TA cell compartments, the plasticity of keratinocyte stem cells and possibly even TA cells (45) , and the involvement of epidermal and hair follicular stem cells in certain skin diseases.
